OBJECTIVE Medically refractory spasticity and dystonia are often alleviated with intrathecal baclofen (ITB) administration through an indwelling catheter inserted in the lumbar spine. In patients with cerebral palsy, however, there is a high incidence of concomitant neuromuscular scoliosis. ITB placement may be technically challenging in those who have severe spinal deformity or who have undergone prior instrumented thoracolumbar fusion. Although prior reports have described drilling through the lumbar fusion mass with a high-speed bur, as well as IT catheter implantation at the foramen magnum or cervical spine, these approaches have notable limitations. To the authors' knowledge, this is the first report of ITB placement using cone beam CT (CBCT) image guidance to facilitate percutaneous IT catheterization. METHODS Data were prospectively collected on patients treated between November 2012 and June 2014. In the interventional radiology suite, general anesthesia was induced and the patient was positioned prone. Imaging was performed to identify the optimal trajectory. Percutaneous puncture was performed at an entry site with image-guided placement of a sheathed needle. CBCT provided real-time 2D projections and 3D reconstructions for detailed volumetric imaging. A biopsy drill was passed through the sheath, and subsequently a Tuohy needle was advanced intrathecally. The catheter was threaded cephalad under fluoroscopic visualization. After tip localization and CSF flow were confirmed, the stylet was replaced, the external catheter tubing was wrapped sterilely in a dressing, and the patient was transported to the operating room. After lateral decubitus positioning of the patient, the IT catheter was exposed and connected to the distal abdominal tubing with typical pump placement. RESULTS Of 15 patients with Gross Motor Function Classification System Levels IV and V cerebral palsy and instrumented thoracolumbar fusion, 8 had predominantly spasticity, and 7 had mixed spasticity and dystonia. The mean age of patients was 20.1 years (range 13-27 years). Nine patients underwent initial catheter and pump placement, and 6 underwent catheter replacement. The procedure was technically successful, with accurate spinal catheter placement in all patients. The median hospital stay was 4 days (IQR 3-5 days). One patient had an early postoperative urinary tract infection. With a mean follow-up of 25.8 months (median 26, range 18-38 months), no CSF leakage or catheter failure occurred. One late infection due to Pseudomonas aeruginosa (requiring pump explantation) occurred at 4 months, probably secondary to recurrent urinary tract infections. CONCLUSIONS Image-guided CBCT navigation resulted in accurate percutaneous placement of the IT catheter for ITB pumps in patients with prior instrumented thoracolumbar fusion. The multimodality approach is an alternate technique that may be used for IT catheter insertion in patients with complex lumbar spine anatomy, extending the potential to provide safe, durable ITB therapy in this population.
I
ntrathecal baclofen (ITB) was approved for the treatment of cerebral spasticity in 1996 and has been increasingly used for treatment of neuromuscular spasticity and dystonia in selected patients with cerebral palsy (CP). 1, 26, 30, 37 Baclofen, a g-aminobutyric acid receptor agonist, mitigates hypertonia, and its IT infusion minimizes the systemic side effects observed with enteral administration. 1, 3, 4, 23, 28, 38 Typically, baclofen is delivered through an indwelling IT catheter inserted at the lumbar spine, with an infusion pump implanted in the abdominal wall. However, patients with severe spastic CP often have comorbid neuromuscular scoliosis, 7, 28, 40 which is moderate to severe in 50% of patients with CP with Gross Motor Function Classification System (GMFCS) Level IV or V. 39 Both spinal torsion and instrumented spinal fusion constructs complicate IT catheterization at the traditional lumbar insertion site. 6, 24, 28, 39 Although different techniques to circumvent this anatomical complexity have been described, each is associated with notable limitations. Authors have reported drilling through the fusion mass after localization with fluoroscopy, 11 using a K-wire to traverse the mass under fluoroscopic guidance, 43 and inserting catheters at the cervical spine or foramen magnum to avoid entry through the lumbar region altogether. 19, 29, 47 However, limitations of these approaches include risks of CSF leakage, catheter dislodgement, and adjacent neural injury. 6, 10, 11, 20, 24, 27, 34 Given the morbidity associated with perioperative complications of ITB pump placement, many of which require reoperation, advancements in technology and surgical technique are needed to reduce complications and optimize outcomes.
Cone beam CT (CBCT) is an imaging modality that may facilitate IT catheterization in patients with complex anatomy. 13 CBCT uses 3D rotational fluoroscopy to create CT-like images, which provide real-time 2D projections for fast visual feedback and 3D reconstructions for detailed volumetric imaging. CBCT may be used to facilitate spinal catheterization in patients undergoing ITB placement; this multimodality approach permits imageguided entry at the lumbar spine below the conus medullaris, improves navigation around spinal instrumentation, and avoids the larger operative exposure required when drilling through the fusion mass. To our knowledge, this is the first description of a series of patients with CP undergoing ITB placement where IT catheterization was facilitated with CBCT image guidance.
Methods
This case series examined patients who underwent ITB catheterization under CBCT guidance between November 2012 and June 2014. The study was performed after IRB approval was obtained from Boston Children's Hospital. Patients were included if they met the following criteria: 1) presented with spasticity and/or dystonia secondary to CP; 2) had previously undergone thoracolumbar spinal fusion with instrumentation; 3) had a follow-up ≥ 12 months; and 4) had ITB catheterization and pump implementation performed by the study authors using this multimodality approach. The degree of each patient's deformity was measured by the apical vertebral rotation method. 5 Images were independently reviewed by 2 authors (F.C.R. and H.H.D.), and discrepancies were resolved by consensus.
Image-Guided Catheterization
In the interventional radiology (IR) suite, general anesthesia was induced. The patient was positioned prone, prepared, and draped. Chlorhexidine gluconate was used for cutaneous antisepsis before an antimicrobial incise drape (3 MIoban2) was placed over the lumbar spine. Axial images from the CBCT system were acquired and were viewed with iGuide software (Siemens AG), which ideally allows the user to plan the needle trajectory through a lateral insertion site (Fig. 1A-C) , thus preserving the midline for the operative incision. Each trajectory plan was individualized according to the initial CBCT images, incorporating the bone thickness and ease of entry, as well as cord location and angle that would avoid catheter kinking.
A percutaneous puncture was performed at an upward angle with image-guided placement of a 14-gauge Bonopty coaxial-sheathed needle (AprioMed), and real-time 2D projections and 3D reconstructions provided continuous feedback for navigation during insertion. A 15-gauge Bonopty biopsy drill (AprioMed) was passed through the sheath to provide a canal through the lamina; the drill was used on all patients in this series. A 15-gauge Tuohy needle (15 cm) was advanced through the thecal sac ( Fig.  2A and B) . Once CSF flow was obtained from the Tuohy needle (Fig. 2C ), a15-gauge catheter (Ascenda, Medtronic) was threaded cephalad to the upper thoracic spine using fluoroscopic guidance (Fig. 1D) . This was the first of 2 catheters; the IT catheter was later connected to the abdominal catheter.
Because an optimal cephalad ending of the IT catheter is debated, 31, 46 our institutional practice is to place it at the upper thoracic spine due to the theoretical concern of respiratory complications from cervical placement. CSF flow is confirmed from the catheter, and the stylet is replaced to occlude the catheter during patient transport. The IR suites in Boston Children's Hospital lack the capability to perform open surgical procedures, prohibiting concurrent placement of the baclofen pump; therefore, the external catheter tubing was wrapped in sterile dressing, and the patient was transported to the operating room while in the lateral position, with the utmost care to ensure that sterility was maintained and that the catheter was not dislodged.
Surgical Technique
In the operating room, the patient was typically in the left lateral decubitus position. Both chlorhexidine gluconate and polyvinylpyrrolidone-iodine were used for cutaneous antisepsis. A posterior midline incision was made through the prior fusion surgical incision site, and, if possible, at a site distinct from the percutaneous IT catheter entry site. The spinal catheter was exposed as it entered the lumbar fascia, and a purse-string suture was placed in the fascia around the catheter. After creating an abdominal pocket for the baclofen pump, tunneling of the abdominal catheter was performed. Before connecting the spinal and abdominal catheters at the lumbar incision, the spinal catheter was cut just superficial to the fascia to separate the permanently implanted catheter from the initial percutaneous entry. Once the 2 catheter ends were connected, they were secured to the lumbar fascia with an anchor and nonresorbable sutures (Fig. 2D) . CSF flow to the abdominal catheter-pump junction was confirmed before the pump was connected and sutured in place. Finally, the lumbar and abdominal incisions were closed.
Data Collection and Statistical Analysis
Data were prospectively collected on patient age, sex, year, GMFCS level, surgical indications for ITB pump implantation, comorbidities, extent of spinal fusion, and postoperative complications. Data on insertion site, catheter tip position, IR procedure time, and radiation exposure were collected from radiology images and reports. Outcomes assessed were length of stay, infectious complications, CSF leakage, pump malfunction, reoperations, and follow-up. Descriptive statistics were performed, with parametric or nonparametric testing selected based on whether the measure was normally or non-normally distributed.
Results
Fifteen consecutive patients with GMFCS Level IV (n = 6) or V (n = 9) CP are reported ( Table 1 ). The average age was 20.1 years (SD 3.9, range 13-27 years); 7 patients were male and 8 were female. Thirteen of 15 patients reported refractory painful muscle spasms, and 7 of 15 patients had dystonia in addition to spasticity. All patients had undergone instrumented fusion for neuromuscular scoliosis, with all of the fusions extending from the upper thoracic spine to the sacrum. Nine patients underwent initial catheter and pump placement, and 6 underwent catheter replacement due to index catheter failure. None of the patients for the initial insertion received a baclofen test dose prior to the current procedure, given the expected difficulty with IT administration. The etiologies of the catheter malfunctions for the 6 patients who underwent revision were obstruction (n = 3), epidural location (n = 2), and suspected microleak (n = 1). As is typical of patients with complex CP, most had comorbidities. Six patients had a diagnosis of epilepsy requiring medication. Primary nutritional support was provided via gastrostomy in 8 patients, gastrostomy/jejunostomy in 3, and by mouth in 4.
The procedure was technically successful, with accurate spinal catheter placement in all patients, and the percutaneous catheterization was not aborted in any cases. The mean IR procedure length was 47 minutes (median 42, range 16-163 minutes). For the 5 patients with radiation exposure data available, the mean exposure was 572.8 Gy (median 422, range 234-1226 Gy). The estimated blood loss was minimal in all cases. The median length of stay was 4 days (IQR 3-5 days).
The sole immediate perioperative complication was a urinary tract infection. With a mean follow-up of 25.8 months (median 26, range 18-38 months), all patients and/ or caregivers reported improvement in spasticity and/or dystonia. Additionally, no catheter disconnection, catheter dislodgment, or CSF leakage was reported. However, 1 late infection due to Pseudomonas aeruginosa occurred at 4 months. The same organism grew from the patient's urinary cultures, and recurrent cystitis was the attributed source. The patient required pump explantation and completed antibiotic treatment. The patient subsequently underwent successful reimplantation with 9 months of follow-up.
Discussion
Intrathecal baclofen for patients with CP safely and effectively reduces spasticity, pain, and dystonia; in addition, it confers superior functional abilities and results in improved management by caregivers. However, many patients who require baclofen present with concomitant scoliosis; their spinal torsion, or fusion mass and instrumentation, further increases the challenge of device implantation. 4, 6, 20, 24, 27, 34, 35, 41, 42 Moreover, procedural complications decrease the cost-benefit ratio of intervention. 11, 27, 28, 43 Significant potential postoperative complications include CSF leakage, wound dehiscence, catheter disconnection or dislodgment, and surgical site infection-the latter of which may lead to meningitis and necessitate explantation. 2, 9, 11, 17, 20, 22, 24, 27, 34, 36 Difficulty entering the spinal canal has been reported in patients with scoliosis who have had surgical correction and lumbar fusions, specifically iatrogenic damage to the catheter, incidental durotomies, CSF leakage, and failure of access. 29, 32, 44 Several strategies have been described to facilitate IT catheterization in this setting. 39 The most common approach involves drilling through the lumbar fusion mass with a high-speed bur. However, a larger open dissection for exploration of the fusion mass may be required. 13 Additionally, this approach increases the risk of CSF leak and may be associated with longer operative time and increased blood loss. 11, 43 Others have used a Kwire to traverse the mass under fluoroscopic guidance; although tactile feedback can inform entry into the spinal canal, it is difficult to know if or when the K-wire penetrates the dura. 43 To avoid entry through the lumbar region, Cath = catheter; FU = follow-up; NA = not acquired. * The deformity scale was based on apical vertebral rotation on radiograph. 5 Images were independently reviewed by 2 authors and discrepancies were resolved by consensus.
catheters may be inserted at the cervical spine or foramen magnum. 19, 29, 47 However, data on risk of infection and catheter migration with a cervical approach are limited, 47 and there is the low but real risk of spinal cord injury with entry above the conus medullaris.
Image guidance with CBCT can facilitate ITB implantation when IT catheterization is expected to be technically challenging. To our knowledge, this is the first series to report the use of CBCT during baclofen pump implantation in patients with thoracolumbar scoliosis and previous spinal fusion. In a case report published in 2013, Candler et al. noted the utility of CBCT for successful implantation of an IT morphine pump in an octogenarian with a prior lumbar fusion. 13 Their success demonstrates the potential of CBCT use in patients with instrumented spinal fusion.
Imaging with CBCT had several advantages in this setting, and all patients had accurate spinal catheter placement. After images are acquired, digital software generates 2D and 3D projections with submillimeter spatial resolution, providing immediate visual feedback to assist navigation. 15 A trajectory can be delineated to circumvent spinal instrumentation. Throughout the procedure, fluoroscopy can confirm needle location, and CBCT reconstructions allow for image guidance in the axial plane. 6, 24, 28, 39 Using CBCT imaging, a biopsy drill is advanced through the sheath placed under CT guidance to traverse the fusion mass; the smaller diameter of a bone biopsy drill may reduce the risk of CSF leakage, compared with the larger opening from drilling. 29, 43, 47 Additionally, lumbar catheterization minimizes the risk of neural injury.
Although frameless stereotaxy is another tool for spinal navigation, optimal software registration may require exposure of vertebral anatomy. In contrast, simultaneous availability of CBCT and high-quality fluoroscopy in the IR suite provides a distinct advantage compared with the operating room, by allowing noninvasive correspondence with precise visualization of the patient's anatomy.
At our institution, this multimodality procedure occurs in 2 locations: the IR suite and the operating room. Therefore, patient transport merits further elaboration. During transport, anesthesia is maintained, the patient's catheter is contained in sterile wrapping, the patient is repositioned upon arrival to the operating room, and then the second part of the procedure is performed. Although there is the theoretical risk of catheter dislodgement or contamination during transport, we have demonstrated that intraoperative relocation is safe, with no resultant complications in this series. Nonetheless, modifications in the technical approach could be made according to institutional facilities and resources. For example, if open procedures were possible in the IR suite, the external end of the Ascenda catheter could be coiled subcutaneously before transport of the patient to the operating room to avoid its external location during transition. Alternatively, at institutions where there is a hybrid operating room equipped with CBCT, patient transport would not be required.
Postoperative infectious complications are common in patients with CP, particularly due to poor nutritional status; additionally, limited patient mobility increases the risk of surgical site infections and decubitus ulcers. 14, 16 Recent studies reported a 10%-20% incidence of infection following ITB catheterization, 8, 22 which compares favorably with the 6.7% infection rate in this series. 43 The only complication that required reoperation was a pump infection due to Pseudomonas aeruginosa, attributed to systemic dissemination from recurrent urinary tract infections. Many patients with CP have neurogenic vesicourethral dysfunction, causing reduced bladder capacity, detrusor hyperactivity, and greater postvoid residual, which can instigate urinary tract infections. 18, 45 There are also important limitations to this study. This series is from a single institution and reflects inherent selection bias of the population treated at our institution. All patients with CP with spasticity and prior instrumented thoracolumbar fusion recently treated at our institution have undergone CBCT-guided ITB catheter insertion. However, outcomes could not be directly compared with historical outcomes from other procedural methods (such as drilling through the lumbar fusion mass) due to inadequate records. Moreover, larger studies of patients undergoing CBCT-guided catheterization at multiple centers would further elucidate the safety, morbidity, and effectiveness of this multimodality approach. Nonetheless, CBCT image guidance for ITB pump catheterization is another approach in the armamentarium of surgeons and interventional radiologists for IT catheterization in patients with scoliosis or instrumented spinal fusion.
Conclusions
Cone beam CT allowed for image guidance during IT catheterization in patients with spasticity or mixed spasticity and dystonia from CP and prior instrumented thoracolumbar fusion. The multimodality approach resulted in accurate ITB pump implantation, with low periprocedural morbidity. This technique is another potential approach for patients with complex lumbar spine anatomy. 
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